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Abstract: In order to improve the performance of the steel
for brake discs, including strength, toughness and thermal
fatigue resistance, Nb and V are added to the steel. The effect
of Nb and V on austenite grain growth behavior of the Cr-
Mo-V steel for brake discs was studied by analyzing the
phase equilibria as well as the microstructures. The precipi-
tation behaviors of precipitates were also investigated based
on transmission electron microscopy and energy-dispersive
spectroscopy. The results showed that V-rich MgC; and NbC
particles existed at the experimental temperatures. The
abnormal grain growth in Nb-free steels was affected by
the partial dissolution and coarsening of MgC; particles.
With increasing V content, the grains were refined, but the
mixed grain phenomenon became more serious. There were
many small NbC particles in Nb-bearing steel, so the grains
were effectively refined. Furthermore, a prediction model,
which calculates the austenite grain size considering preci-
pitate pinning effect, was established, and the model was
well consistent with the actual situation in the Nb-bearing
steel up to 1,100 °C. The grains of the Nb-free steels were
sensitive to the increments of temperature and time due to
the rapid dissolution or coarsening of MgC; particles.

Keywords: brake disc steel, vanadium, niobium, auste-
nite grain, precipitate growth

Introduction

The brake disc is an important safety component of rail-
way vehicles. During the braking process, the Kinetic
energy is converted into heat through the violent friction
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between the brake disc and the pad. The brake disc
absorbs most heat and only a little energy is emitted into
the air [1, 2]. Compared to ordinary train, the high-speed
train has a much faster speed and the greater braking
energy is generated under hard braking. Under such con-
ditions, the temperature of the brake disc increases
rapidly, and the peak temperature may exceed the A;
temperature [3]. The drastic temperature change causes
high thermal stress and the austenite transformation
results in microstructure stress. After repeated braking
cycles, cracks will be generated on the friction surface of
the brake disc due to the thermal and the microstructure
stresses [4, 5]. Therefore, a higher requirement is sug-
gested for the material used as brake discs [6].

The Cr-Mo-V steel for brake discs is an alloy steel
which needs quenching and tempering heat treatment,
and its performance, including strength, toughness, wear
resistance and heat resistance, is excellent [7]. In general,
the properties of steels are closely related to alloying
elements. The additions of Cr and Mo improve the
strength of steels by solid solution strengthening and
precipitation strengthening effects [8]. Cr can also improve
the oxidation resistance of steels [9]. A good strength-
ductility combination can be achieved by adding V due to
grain refinement strengthening and precipitation strength-
ening effects [10, 11]. Moreover, a reported research
showed that the addition of 0.1% V in the Ni-Cr-Mo steel
for brake discs significantly increased the thermal shock
resistance and wear resistance [12]. The addition of Nb can
effectively inhibit the grain growth due to solute drag
effect and precipitate pinning effect [13, 14]. Nb can also
retard the coarsening of MyCg carbides and so improve
the thermal fatigue performance of H13 steel [15].
However, there is little work focusing on the influence of
Nb and higher V content on the performance of the steels
used as brake discs. Therefore, a small amount of Nb and
plenty of V are added to the Cr-Mo-V steel, and their
influence on microstructural evolution is studied.

The austenite grain size has a great influence on the
resultant microstructure and properties after heat treat-
ment [16]. Grain refining can improve strength and tough-
ness simultaneously. The reported researches showed
that the sizes of martensite blocks and packets decreased
with the refinement of austenite grains; therefore, both
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the yield strength and the impact energy increased
[17, 18]. The austenitizing temperature and the holding
time have great influence on the austenite grain size [10].
With increasing austenitizing temperature , more alloy-
ing elements are dissolved into matrix, and more car-
bides precipitate out in the subsequent tempering
process, which improves the precipitation strengthening
effect. However, the austenite grains are coarsening with
increasing austenitizing temperature, and the grain
refinement strengthening effect becomes weaker. In a
sense, the grain refinement strengthening and the preci-
pitation strengthening are contradictory. Moreover, the
austenite transformation may occur under hard braking
[3]. Therefore, it is necessary to study the austenite grain
growth behavior of the Cr-Mo-V steel for brake discs.

In the present study, the grain growth behavior of the Cr-
Mo-V steel with different vanadium and niobium contents
was studied, and the influence of austenitizing temperature
and alloying content on the precipitation behaviors was
investigated based on transmission electron microscopy
(TEM) and energy-dispersive spectroscopy (EDS) measure-
ments. Moreover, the growth models of both the precipitates
and the austenite grains were established, respectively. With
a combination of calculation and measurement results, the
relationship between the growth behaviors of the precipi-
tates and the austenite grains was established theoretically.
The results can provide a reference for the heat treatment
process of the Cr-Mo-V steel for brake discs.

Experimental

The compositions of the tested steels with different vana-
dium and niobium contents are shown in Table 1. The
thermo-Calc software package and the TCFE6 thermody-
namic database were used to calculate the phase transi-
tion temperatures of the tested steels. The results are also
shown in Table 1.

The schematic diagram of heat treatment processes is
shown in Figure 1. The samples with a size of 10 mm x 10
mm x 10 mm were heated in a muffle furnace for 1 h at
different temperatures (900, 950, 1,000, 1,050, 1,100 and
1,200 °C, respectively). Similarly, the samples were heated
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Figure 1: Schematic diagram of heat treatment processes of the
tested steels.

to 950 °C and held for different time periods (5, 15, 30 and
45 min, respectively). Then, the samples were quenched in
water and the decarburization layer was removed. After
being ground and polished, the samples were etched in
the saturated aqueous picric acid solution (100 ml) with a
little detergent (2-3 g shampoo) at 65 °C. The austenite grain
morphologies of the tested steels were observed by an
optical microscopy (OM, 9XB-PC), and the average auste-
nite grain size was measured using the linear intercept
method. For each sample, more than 400 intercepts were
measured. The characteristics of precipitates, namely their
morphology, size, quantity, distribution and chemical com-
position, were investigated using a TEM (JEM-2100F) and an
EDS (Oxford X-Max). More than 300 precipitates were
observed for each specimen.

Results and discussion

The growth behavior of austenite grains

Influence of austenitizing temperature on the grain
growth behavior

The austenite grain morphologies and the average grain
sizes of the tested steels quenched at different temperatures
are shown in Figures 2 and 3, respectively. For steels A and

Table 1: The chemical compositions (mass %) and the phase transition temperatures (°C) of the tested steels.

Steels C Si Mn cr Ni Mo v N Nb  Fe A (°0) A; (°0)
A 0.26 0.62 0.63 1.15 0.40 0.81 0.31 0.0031 Bal. 739 841
B 0.26 0.66 0.64 1.16 0.40 0.81 0.49 0.0027 Bal. 751 854
C 0.26 0.64 0.64 1.15 0.41 0.80 0.31 0.0025 0.045  Bal. 740 842
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Figure 2: Austenite grain morphologies of the tested steels quenched at different temperatures for 1 h.
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B, the grains grow rapidly with increasing temperature. The
grains of steel B are smaller as compared to steel A when the
temperature is below 1,000°C, especially at 900 °C.
However, there is no significant difference between the
grains of the two Nb-free steels when the temperature is
above 1,050 °C. Clearly, the grain refinement effect, which
results from increasing V content, is only effective at lower
temperatures. As for steel C, the grains grow slowly when the
temperature is below 1,050 °C, and the average grain size is
reduced from 242.0 +35.3 to 172.4 + 16.0 pm with 0.045 % Nb
addition when held at 1,200 °C, that is, the addition of Nb
refines grains effectively at all experimental temperatures.
Moreover, the additions of V and Nb increase the grain-
coarsening temperature. The grain-coarsening temperatures
of steels A, B and C are 950, 1,000 and 1,050 °C, respectively.

Moreover, the grains of steel A are not uniform in size
when held at 950 °C (see Figure 2(b)), comprising of some
abnormal coarse grains and fine grains, that is, the mixed
grain phenomenon occurs. Compared with steel A, the
grains of steel B are more inhomogeneous at 950 °C (see
Figure 2(f)), indicating that the mixed grain phenomenon
becomes more severe with increasing V content. Compared
with the two Nb-free steels, the grains of steel C are
smaller and more uniform in size (see Figure 2 (j)).

Influence of holding time on the grain growth behavior

The austenite grain morphologies and the average grain
sizes of the tested steels quenched at 950 °C for different
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Figure 4: Austenite grain morphologies of the tested steels quenched at 950 °C for different holding times.
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Figure 5: Effect of holding time on the average grain sizes of the
tested steels.

holding times are shown in Figures 4 and 5, respectively.
With prolonging holding time, the grains gradually grow
and the number of small grains decreases. The grain
growth rate of steel A is the fastest, next is that of steel
B, and that of steel C is the slowest.

The grain growth trends in the tested steels are simi-
lar when the time is less than 30 min, but the growth
rates are different above 30 min. For the two Nb-free
steels, some abnormal coarse grains grow rapidly and
the average grain sizes increase obviously above 30

min. The grains of steel B are smaller, but their size
distribution becomes more uneven as compared to steel
A. After long time holding, the precipitates are partially
dissolved or coarsened; therefore, their pinning force
decreases and results in a rapid grain growth [19].
Compared with the Nb-free steels, the grains of steel C
are fine and more uniform in size, and the average grain
size grows very slowly above 30 min, suggesting that the
addition of Nb availably restrains the austenite grain
growth.

Influence of the austenitizing temperature
and the alloying elements on the precipita-
tion behaviors of carbides and carbonitrides

Thermodynamic calculation

Thermo-Calc thermodynamic software package was used to
calculate the precipitation behaviors of carbides and carbo-
nitrides, as shown in Figure 6. The carbide-forming ele-
ments in steel A are Cr, Mo and V. The precipitation
temperatures of M,3Cs, MC and M;C; carbides are lower
than the experimental temperatures and so the carbides
are dissolved during heating. There are some undissolved
V(C, N) particles that exist at the experimental temperatures
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Figure 6: Precipitation behaviors in (a) steel A at 400-1,200 °C; (b) steels A and B at 900-1,200 °C; (c) steel C at 900-1,200 °C.

due to its high precipitation temperature. Moreover, Nb(C,
N) particles exist in steel C (see Figure 6(c)). These undis-
solved carbonitrides can restrain the grain growth.

The V content has a great influence on the precipita-
tion behavior of V(C, N) particles. By increasing the V
content from 0.31% to 0.49 %, the precipitation tempera-
ture is increased from 1,080 to 1,120 °C and the amount of
precipitates is also increased obviously. Therefore, the
grain refinement effect is more effective in steel B, espe-
cially at 900 °C. However, the amount of V(C, N) decreases
rapidly and the refinement effect becomes weaker with
increasing temperature. Therefore, the difference between
the grain sizes of the two Nb-free steels is not obvious at
higher temperatures. For steel C, both V(C, N) and NbC
precipitate at the experimental temperatures, and their
precipitation temperatures are 1,050°C and 1,220 °C,
respectively. The precipitation behavior of V(C, N) is simi-
lar to that of the other two steels. Since NbC is more stable
than VC, its refinement effect is still evident when the

temperature is above 1,050 °C. Therefore, the average
grain size of steel C is obviously reduced.

Influence of the austenitizing temperature on the preci-
pitation behaviors of carbides and carbonitrides

The morphologies, diffraction patterns and EDS analyses
of the precipitates in steel A with different austenitizing
temperatures are shown in Figure 7. There are some
round-shaped precipitates in the steel, which can be
identified as V-rich MgC; according to the diffraction
patterns and EDS analyses.

As mentioned above, some grains of steel A grow
abnormally at 950 °C, that is, the mixed grain phenom-
enon occurs. In order to explain this phenomenon, the
characteristics of precipitates, including morphology and
size distribution, were investigated in the samples of steel
A, as shown in Figure 8. By increasing the temperature

Figure 7: TEM micrographs, dif-
fraction patterns and EDS ana-
lyses of the precipitates in steel A
quenched at (a) 900°C and (b)

950°C.
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Figure 8: Morphologies and size distributions of the precipitates in steel A: (@) quenched at 900 °C; (b) quenched at 950 °C; (c) size

distributions.

from 900 to 950°C, the precipitates are dissolved and
coarsened, and the statistical results show that the aver-
age size of precipitates is increased from 16.4+6.1 to
24.2+9.6 nm and their amount is reduced from 13.5 to
1.4 um’z, so their refinement effect is dramatically
reduced. Moreover, the precipitates may be mostly dis-
solved in some areas and the pinning force decreases
[20]. The grains in the area with poor pinning force will
grow fast, while the growth of normal grains is sup-
pressed. Therefore, the mixed grain phenomenon occurs.

Influence of alloying elements on the precipitation
behaviors of carbides and carbonitrides

As shown in Figure 9, there are some round- or oval-
shaped precipitates in steels B and C. V-rich MgC; particles
exist in both steels B and C, and a little Nb is detected in
MgC; particles in steel C due to the addition of Nb.
Moreover, NbC carbides are observed in steel C.

Figure 10 shows the morphologies and the size distri-
butions of the precipitates in the tested steels quenched at
950 °C. The amount of MgC; patrticles increases obviously
with increasing V content, which is 10.1 pm’z in steel B.
However, the precipitate distribution becomes heteroge-
neous with increasing V content. The larger precipitates
tend to gather together, and so do the smaller precipitates
(see Figures 10(b)). The uneven distribution of precipitates
leads to a difference of pinning force in different areas,
causing the mixed grain phenomenon to be more severe in
steel B as compared to steel A (see Figures 2(b) and (f)).
Moreover, the average sizes of MgC; particles do not
change much with increasing V content, which are
24.2+9.6 and 25.5+9.8 nm in steels A and B, respectively.

Compared with steel A, the amount of small precipi-
tates significantly increases in steel C. The statistical results
show that the average size of precipitates is reduced to
12.7+7.7 nm and their amount is increased to 18.4 pm™.
These small precipitates, which are mainly NbC, are evenly
dispersed and provide a significant pinning effect (see

Figure 9: TEM micrographs, diffrac-
tion patterns and EDS analyses of the
precipitates quenched at 950°C in (a)
steel B and (b) steel C.
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Figure 10: Morphologies of the precipitates quenched at 950 °C: (a) steel A; (b) steel B; (c) steel C and size distributions of the precipitates:

(d) steels A and B; (e) steels A and C.

Figure 2(j)). Therefore, the grains of steel C grow slowly
with increasing temperature and holding time. Moreovetr,
the amount of large precipitates, which are mainly MgC,,
changes little in steel C as compared to steel A.

Growth models of precipitates and austenite
grains

During heating and soaking processes, Ostwald ripening
will occur, that is, small particles dissolve and large
particles coarsen. Since nitrogen contents in the tested
steels are low, the precipitates are mainly VC and NbC.
Lifshitz and Slyozov studied the kinetic equation of pre-
cipitate coarsening [21]:

3 5 80 V-Dt-C

r-r 9 R.T )

where r and ryare the final and initial particle radius (cm),
respectively, o is the interfacial energy, Vis the molar
volume (Vypc = 13.75 cm’/mol, Vyc=11.31 cm?/mol) [22], D
is the diffusivity of solute atom in matrix (cm?%/s), t is the
coarsening time (s), C° is the concentration of solute atom
in matrix (mass %), which is calculated by Thermo-Calc
software, R is the universal gas constant (8.31 J/mol-K™),T
is the austenitizing temperature (K).

The interfacial energies of NbC and VC [22] in auste-
nite are given as:

Onbe-y = 1.3434 - 0.6054 x 10 °T )

ovc-y=11292-0.5088 x 10 °T €)

The diffusivities of Nb and V [22] in austenite are given
as:

Dyp= 0.83x exp( —266500/RT) (%)

Dy = 0.28 xexp( - 264000/RT) (5)

The TEM results show that some particles have a radius of
5-10 nm in the tested steels, so the initial particle radius
(r,) is assumed as 5x 10”7 cm. The solubilities of Nb and V
are shown in Figure 11. The coarsening time is 3,600 s.
Substituting corresponding numerical values into eq. (1),
the final particle radii at different temperatures were cal-
culated, and the results are shown in Figure 12.

The growth of the precipitates is all in a parabolic
way in the tested steels. With increasing temperature, the
average size of MgC; particles obviously increases and
their pinning effect becomes weaker, so the grain sizes
of the two Nb-free steels change obviously. The average
size of NbC is much less than that of VC. Therefore, there
are many small precipitates and the average size of pre-
cipitates is significantly reduced with Nb addition (see
Figure 10(c), (e)). Moreover, the coarsening rate of VC
slightly increases with increasing V content, but it
changes little with Nb addition, which are consistent
with the measured results (see Figure 10 (c), (d)).

VC particles are continuously dissolved with increas-
ing temperature (see Figure 6). At lower temperatures, the
amount of VC is large and so the pinning effect is very
strong. But when the temperature is above 1,050 °C, the
pinning effect of VC becomes weaker due to its rapid
coarsening and almost complete dissolution. As for NbC,
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its amount keeps stable in a large temperature range and
its coarsening rate is much slower than that of VC.
Therefore, NbC is chosen to predict the critical grain size.

Zener [23] first proposed the basic principle of auste-
nite grain coarsening, which was according to the balance
of the grain growth force and the pinning force of precipi-
tates. Hillert [24] proposed that normal grain growth and
abnormal grain growth are at two growth limits. Gladman
[25] considered the energy change caused by grain

Temperature / °C

solute atoms in (a) steels A and B
and (b) steel C.

1,100 1,200

boundary movement and gave the expression of the criti-
cal grain size (R.):

(6)

where Z is the inhomogeneity factor of grain size (the
ratio of the maximum grain radius to the average grain
radius). In general, metal material Z=1.7 [26], so the
critical grain diameter (D.) can be given as:

Re=[n(1/4-1/32)Ir/f

Dc=2R.=0.34 - r/f @)
For NbC particles, the volume fraction (f) in steel is:
_ AM + XAX dFe
f=M [M])Tloode 8

where M is the content of M element in steel (0.045 %), [M]
is the equilibrium concentration of solute atom which is
the same as C° in eq. (1), Ay and Ay are the atomic weights
of M and X (Anp=92.91, Ac=12.01), respectively, dg. and
duyx are the densities of iron matrix and precipitate
(dpe =7.87x10° mg-cm >, dyyc =7.803x10° mg-cm ™) [22],
respectively, xis the atomic ratio of M to X in MX(x =1).
Substituting corresponding numerical values into eq. (7)
and eq. (8), the measured and calculated diameters of
grains and the volume fraction of NbC in steel C were
calculated, as shown in Figure 13.

400 s~ (b)" 8
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Figure 13: The measured and calculated diameters of austenite grains and the volume fraction of NbC in steel C at: (a) 900-1,200 °C; (b)

900-1,100 °C.
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When the temperature is below 1,100 °C, the volume
fraction of NbC decreases slowly, and the difference
between the calculation and the measurement results is
not significant. The calculated diameters are slightly lar-
ger than the measurement diameters in the temperature
range of 1,000-1,100 °C, which should be caused by the
solute drag effect of Nb [13]. With increasing temperature,
the concentration of solute Nb increases and its solute
drag effect becomes stronger [27], so the grains are
slightly refined. However, the difference between the
calculation and the measurement results is large at
1,200 °C. With increasing the temperature from 1,100 to
1,200 °C, the average radius of NbC increases from 54.4 to
125.3 nm and its volume fraction reduces from 3.65x10™*
to 1.14x107%, so the pinning effect of NbC becomes
weaker and it will be inaccurate to predict the grain size
by use of this model.

Conclusions

The Cr-Mo-V steel for brake discs is a low alloy quenched
and tempered steel, which is sensitive to the change of
austenitizing parameters. Therefore, the grain growth
behavior of the steel with different vanadium and nio-
bium contents was studied. The major results are sum-
marized as follows:

(1) V-rich MgC; particles are observed in the Nb-free
steels after a quenching process, while both MgC,
and NbC particles exist in the Nb-bearing steel. The
carbides of Mo and Cr are dissolved in the austeni-
tizing process. The experimental results are consis-
tent with the thermodynamic calculation results.

(2) The abnormal grain growth behavior occurs in the
Nb-free steels at 950 °C, which is affected by the
partial dissolution and coarsening of MgC; particles,
and so the austenitizing temperature should be
lower than 950°C. The grain size decreases with
increasing V content, but the precipitate distribution
becomes more heterogeneous, aggravating the
mixed grain phenomenon. For the Nb-bearing
steel, many small NbC particles precipitate, so the
grain refinement effect is significant.

(3) The growth models of precipitates and austenite
grains are established. The grain growth model is
well consistent with the actual situation in the Nb-
bearing steel up to 1,100 °C. However, the difference
between the calculation results and the experimen-
tal measurement becomes distinct at 1,200 °C due to
the large dissolution and sharply coarsening of NbC
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particles. For the Nb-free steels, MgC; particles dis-
solve or coarsen rapidly with increasing tempera-
ture, causing the obvious increase of the grain size.
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